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Introduction

Conjugated conducting polymers (CCPs) and macromolecules 
are a unique class of materials possessing fascinating 
semiconducting, chemical, mechanical, and optical properties that 
can be useful in a wide range of optoelectronic applications such 
as light-emitting diodes, photovoltaic solar cells, and lasers [1-
4]. Widespread interest in nanoparticles-based on π-conjugated 
polymers, such as nanofiber, nanotubes, nanowires, nanorods, 
nanofilaments, has arisen due to their well-defined nanostructures 
and larger surface areas [5]. Compared to bulk CCPs, nanostructured 
CCPs (NCCPs) afford improved electrical conductivity, extraordinary 
electrochemical activity, higher carrier mobility, and enhanced 
optical properties [6,7]. Since structure-properties relationship is 
highly important for evolving the exploitation of NCCPs into high-
performance devices, several fabrication strategies and techniques  
were developed in the last decades [8,9]. In this concept, enormous 
efforts have been spent on adjusting their surface, patterns, 
phase, and lattice fringes to encounter different requirements 
in various aspects. Compared to many other nanostructuring 
methods, template-based technique using Anodic Alumina Oxide  

 

(AAO) nanoporous membranes is a powerful method to produce 
highly ordered and dense networks of (1D) nanostructures with 
controllable morphologies such as diameter and length [10]. This 
strategy is widely applied in nanostructuring organic polymers 
and macromolecules because it enables formation of millions of 
nanostructures with controllable size into large-scale arrays in a 
cost-effective way [11,13].

The conducting polymer Poly(3-hexylthiophene) (P3HT) has 
been widely adopted as a polymeric hole-transporting material 
in organic electronic devices, due to its good crystallinity and 
outstanding charging carrier and hole mobility [14,15]. Owing to its 
excellent chemical and optoelectronic properties, the P3HT-based 
organic solar cells possess outstanding photovoltaic properties 
with high power conversion efficiencies (PCE) of 10 % [16]. As 
known, the performance of OSCs strongly depends on the order of 
the active layer [17], thus, better arrangement of CCP chains into 
ordered crystalline regions leads to faster charge transport and 
charge limited-recombination [18,19].
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In this paper, we carried out a study on the use of melt-assisted 
template wetting method in AAO membranes to nanostructurate 
P3HT into nanofibers. The effects of the nanostructuration on the 
structural and optical properties of P3HT were discussed. We have 
noticed that the nanoconfinement of P3HT into the nanopores 
of AAO membrane positively affects the crystallinity and the 
arrangement of P3HT chains. 

Experimental Methods and Details

In the present work, we used regioregular (rr-P3HT) purchased 
from Sigma Aldrich with a head-to-tail configuration (>95%) and a 
molecular weight in the range of 15000 and 45000 gmol-1. The P3HT 
solution was prepared in chloroform (CHCl3) in a concentration of 
10 mg/ml. We then prepared nanofibers (NFs) from P3HT using 
melt assisted method in anodized oxide (AAO) membrane (Anodic 
13, Whatman Mtd.,) with nominal pore of diameter of 200 nm and a 
membrane thickness of 60 µm. We started the experiment by drop-
casting a volume of 80 µL of a 10 mg/mL solution of P3HT on glass. 
After drying, we obtained a spherical layer with a thickness of 4-6 
µm which is separated from the glass support and deposited on 
the surface of the alumina membrane. The sample was placed in a 
vacuum chamber and heated at 250 °C for 30 minutes. Under the 
effects of temperature, the polymer diffuses into the pores of the 
alumina. Slow cooling at a rate of 2 °C/min to room temperature 
allows the solidification of the polymer within the pores. The last 
step of the “template-based fabrication” approach is the removal of 
the AAO membrane by immersing the sample in 25 wt% phosphoric 
acid (H3PO4) solution for 12 hours. Finally, the nanostructures 

were rinsed with deionized water several times. 

Characterization

Scanning electron microscopy (SEM) observations were 
performed using a JOEL microscope (JSM-7600F) operating at 5 
kV. The X-ray diffraction analysis was carried out using a SIEMENS 
D5000 diffractometer operating at a voltage of 40 kV and a current 
of 30 mA. The X-ray source used is the CU-Kα line with radiation of 
 = 1.541 Å. The photoluminescence (PL) decays were acquired 
with a Hamamatsu C7700 streak camera. 

Results and Discussion

(Figure 1) After removal of the AAO membrane using a solution 
of phosphoric acid (H3PO4), a droplet of the solution of nanofibers 
was deposited on a Si substrate. The examination of the cross-
sectional SEM image of P3HT nanofibers (figure 1(a)) shows that 
the nanostructuration of P3HT by melt-assisted template yielded to 
fibrillar nanostructures with a diameter in the order of 200 nm and 
an average length of 55 µm in accordance with the morphological 
characteristic of the AAO membrane. As shown in figures 1(b) and 
1(c), the P3HT nanofibers are relatively well ordered in aligned 
ropes and present a tubular structure with a wall thickness of about 
40 nm. This observation was confirmed by TEM analyses. Figure 
S1 shows TEM images for a P3HT nanofiber with a diameter of 
200 nm. Judging by the contrast of the TEM images (figure S1(b)), 
the nanofiber presents a tubular end. However, it is not possible 
to conclude that this tubular structure is maintained along the 
nanofibers (Figure 1 & 2).

Figure 1: Scanning electron microscopy (SEM) images of nanofiber arrays of P3HT after template removal.
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Figure 2: Schematic representation of (a) the edge-on, face-on orientations of P3HT chains (b) X-ray diffraction of a P3HT film after annealing 
at 250 °C for 30 minutes (black), an empty AAO membrane (blue), and a membrane impregnated with P3HT on its opposite side (Red) (the 
insert is the SEM image of a AAO membrane impregnated with P3HT on its impregnation side) and (c) Focus on small angles.

To further evaluate the effect of wetting template-process in 
the porous alumina membrane on P3HT crystallinity and chains 
orientation, X-ray diffraction was employed to carry out crystallinity 
measurements. The figure 2(b) shows the DRX diagrams, measured 
in Bragg-Brentano geometry, of a P3HT film deposited from a 
solution of 10 mg/mL heated at 250 °C for 30 minutes, an empty 
AAO membrane and a membrane impregnated with P3HT on 
its opposite side. The orientation of the membrane during the 
measurement was chosen to minimize the contribution of the film 
remaining on the surface of the membrane after impregnation 
(impregnation side) in the detected signal (SEM image inset figure 
2(b)). As shown in figure 2(b), three main peaks around 5.52°, 
10.83° and 16.14° could be resolved for the P3HT film, which are 
characteristics respectively to the reflection (100), (200) and (300) 
of P3HT [20,22]. The intensities of these peaks increased, and there 
2θ values show a small shift towards lower angles in comparison to 
the same film before thermal treatment located at 5.67°, 10.92° and 
16.41° (figure S2), which is due to the heat treatment temperature. 
Indeed, as previously reported in literature [23,25], the high 
temperature anneal improves the crystallinity within the chains 
networks and thereby leading to a significant increase of the crystal 
domains sizes.

Strong intensity of (100) peak corresponding to the lattice 
constant a, distance between π-conjugated backbones (Figure 2(a)), 
was observed suggesting the dominance of the edge-on orientation 

where the π-conjugated chains are parallels to the substrate while 
the alkyl side chains are perpendiculars to the substrate along the 
axis a [26]. However, we notice the absence of the peak around 
23-24° assigned to the planes (010) corresponding to the lattice 
parameters b, indicating that the face-on configuration of P3HT is 
truant or negligible [26]. 

The XRD diagram of P3HT nanofibers in the alumina membrane 
shows a narrow (100) peak at 2θ = 5.37° corresponding to the 
edge-on chain configuration. However, comparatively to the XRD 
measurement on the P3HT film, the (200) and (300) peaks were not 
detected which could be explained by a poorer crystallinity of P3HT 
in the membrane. However, the (100) peak shows a shift towards 
the weak 2θ attributed to an increase in the lattice parameter a. In 
addition, the (100) width at half maximum for the P3HT nanofibers 
( ) was significantly reduced compared to P3HT film ( ). Thereby 
using the Scherrer’s relation (  ), we estimated the size of the P3HT 
crystallites (L) in the two cases and a value of L of about 26.51 nm was 
measured for the P3HT nanofibers in the membrane, compared to 
L=17.30 nm for the P3HT film. These results reveal an improvement 
in the crystallinity of P3HT after wetting in the alumina membrane. 
At larger 2θ, the XRD pattern of P3HT nanofibers shows a broad 
background originating from alumina membrane superimposed 
with a peak at 23.4° assigned to the planes (010), indicating face-
on or vertical configuration of the P3HT chains. Consequently, this 
indicates that the nanoconfinement of P3HT in nanopores leads to 
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the appearance of a new phase oriented along the axis c in addition 
to the that along the axis a. Given that in our nanowires the c axis 
of the crystal cell (the chain orientation) points in the direction of 

the nanopore axis, the only orientation allowing extended-chain 
crystals in the pores would be the one in which the chains point in 
the long axis direction of the pores (Figure 3).

Figure 3: Raman spectra (exc = 1064 nm) measured on a P3HT film heated at 250°C for 30 minutes (Black) and at different positions along 
P3HT nanofibers embedded into the AAO membrane, as illustrated in the optical image inset. The color dots on the left side of the image 
show the analyzed areas from the impregnation side (red spectrum) to the opposite side of the AAO membrane, each color corresponding to a 
spectrum.

Figure 4: Photoluminescence spectra (excitation = 416 nm) measured on a P3HT film heated at 250°C for 30 minutes (Black), on an empty 
AAO membrane (green), on the impregnation side of an AAO membrane (red), and on the opposite side of the impregnation side (blue).
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To elucidate the effect of the nanoconfinememt on the 
structural properties of P3HT, we measured the Raman spectrum 
of a P3HT film heated at 250°C for 30 minutes and we compared 
it with the Raman spectra at different positions along P3HT 
nanofibers embedded into the AAO membrane. The measurements 
were carried out using a FT-Raman (exc = 1064 nm) on a cross-
section of an impregnated AAO membrane. As shown in figure 4, 
we focused on the Raman peaks at 1447 and 1380 cm-1 attributed 
respectively to the symmetric C=C stretching and the C-C intra-ring 
stretching modes characteristics of P3HT polymer [27]. As expected, 
the characteristics bands of P3HT show maximum intensity on the 
impregnation side due to the presence of the remaining P3HT film 
on top of the AAO membrane after the impregnation process. Then, 
a gradual decrease of the C=C and C-C bands was observed when 
going from the impregnation side to the opposite side of the AAO 
membrane. This decrease is mainly attributed to a progressive 
reduction of the amount of P3HT into the AAO nanopores, which is 
largely due to the presence of alumina which occupies about 40% 
of the volume of the AAO membrane.

Compared to the P3HT film (black spectrum), we observed 
an increase of intensity of C=C and C-C stretching modes peaks 
after impregnation of the polymer in the AAO nanopores (red 
spectrum). This effect can be attributed to the increase in the 
effective conjugation along the P3HT skeleton and then a better 
ordered structure of P3HT when deposited on the surface of the 
AAO membrane than on a glass slide (Figure 4). 

Figure 4 shows the PL spectra obtained at an excitation of 416 
nm of a P3HT film heated at 250°C, an empty AAO membrane, and an 
AAO membrane impregnated with P3HT on its face of impregnation 
and opposite face. For the P3HT film, the PL spectrum exhibits two 
main bands at 643 and 703 nm assigned, respectively, to the 0-0 and 
0-1 transitions of H-aggregates in P3HT. According to the model of 
Spano et al. [28,29], the low 0-0 emission of P3HT is attributed to 
the disordered regions of the polymer which are in small portion 
compared to the dominant structural order [30,31].

By exciting the AAO membrane on its impregnation side and 
as deduced from the decomposition of the red spectrum (Figure 
S3), the two bands 0-0 and 0-1 bands are observed, respectively, 
at 660 and 708 nm. Compared to the spectrum of the P3HT film, 
we noticed a redshift of the luminescence as well as a decrease of 
the intensity of the 0-0 band. Considering that the 0-0 band at 643 
nm is a signature of the disorder in the P3HT chains, the loss of 
its relative intensity and its shift to 660 nm can be attributed to a 
slightly better ordered structure of the P3HT on the remaining film 
on the top of the membrane after the impregnation process than 
that on a glass slide. As expected, for the opposite side of the AAO 
membrane where we excited the P3HT nanofibers and the alumina, 
the PL spectrum exhibited a blue shift and peak broadening 
indicating significant changes in 0-0 and 0-1 radiative transitions 
of P3HT. Indeed, the PL spectrum spreads over a wide range of 
wavelengths between 550 and 750 nm, which can be explained by 
the significant contribution of the PL of alumina which is optically 
very active in the range between 550 and 600 nm as shown in the 
blue spectrum in figure 3. Accurately, the decomposition of the 

blue spectrum presented in figure S3 shows two bands around 
633 and 700 nm corresponding, respectively, to the 0-0 and the 
0-1 transitions of P3HT. This observation validates the formation of 
nanofibers of P3HT in the pores of the AAO template. 

Conclusion

This work aimed to study the effects of the nanoconfinement 
of P3HT by a template melt-assisted process. The underlying goal 
is the control and the ability to modulate the structural and optical 
properties of P3HT. The studies have focused on the effects of heat 
treatment at 250 °C (used during the impregnation of the nanoporous 
AAO membrane), as well as the effect of nanoconfinement on the 
organization and the optical and spectroscopic properties of P3HT. 
Several significant results have been achieved. We confirmed the 
improvement of the crystallinity of P3HT during the heat treatment 
at 250 °C. A morphological and spectroscopic study showed the 
formation of tubular type P3HT nanofibers with an average length 
of 55 µm and a diameter in the range 200-250 nm.
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